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INTRODUCTION 

Coal’s  major r o l e  i n  a l l e v i a t i n g  our  energy s h o r t a g e  depends on o u r  a b i l i t y  t o  d e r i v e  
c l e a n  f u e l s  from i t .  Low and medium Btu gas  from c o a l  can be impor tan t  i n d u s t r i a l  and 
u t i l i t y  f u e l s .  We a r e  p r e s e n t i n g  t h e  r e s u l t s  of  an i n v e s t i g a t i o n  i n t o  how compet i t ive  
t h e s e  c o a l  der ived  f u e l s . a r e  f o r  power genera t ion .  Coal g a s i f i e r s  i n t e g r a t e d  wi th  
e i t h e r  combined c y c l e  o r  convent iona l  steam c y c l e  power p l a n t s  a r e  compared wi th  
convent iona l  coa l  f i r e d  power p l a n t s  wi th  and wi thout  f l u e  gas  d e s u l f u r i z a t i o n  (FGD). 

The geographica l  a r e a s  s e l e c t e d  f o r  s tudy  purposes  a r e  two Nat iona l  E l e c t r i c  R e l i a b i l i t y  
Counci l  (NERC) Regions-the Chicago a r e a  (MAIN Region) and t h e  New England Area (NPCC 
Region). i n  t h e  MAIN reg ion ,  t h e  h igh  s u l f u r  c o a l s  s t u d i e d  w e r e  I l l i n o i s  No. 6 ,  an 
e a s t e r n  c o a l ,  and Rosebud, a wes tern  c o a l .  The low s u l f u r  c o a l s  s t u d i e d  were Stockton,  
West V i r g i n i a ,  e a s t e r n  c o a l  and Wyodak western c o a l .  The same c o a l s  were used f o r  t h e  
NPCC region  except  t h a t  Middle Ki t tanning  c o a l  was t h e  r e p r e s e n t a t i v e  high s u l f u r  
e a s t e r n  c o a l .  The c h a r a c t e r i s t i c s  of  c o a l  s e l e c t e d  a r e  summarized i n  Table 1 . (1)  

BASIS OF POWER PLANT DESiGN 

800 Mw is  t h e  base  load u n i t  s i z e  i n  t h i s  s tudy .  Capaci ty  f a c t o r  i s  70%. Coal s torage  
and handl ing  f a c i l i t i e s  provide  c a p a c i t y  f o r  60 days o n s i t e  s t o r a g e .  

For a combined c y c l e  b a s e  l o a d  u n i t ,  t h e  s tudy case p l a n t  conta ined  f o u r  200 Mw modules, 
each c o n s i s t i n g  o f  a g a s  t u r b i n e ,  h e a t  recovery b o i l e r ,  s team t u r b i n e ,  and genera tor .  

The f i x e d  c a p i t a l  c o s t s  f o r  a l l  power p l a n t  c o n f i g u r a t i o n s  and f i x e d  o p e r a t i n g  c o s t s  
f o r  t h e  two convent iona l  power p l a n t  technologies  are summarized i n  Table  2 .  The f ixed 
o p e r a t i n g  c o s t s  f o r  t h e  i n t e g r a t e d  c a s e s  a r e  d iscussed  i n  a s e p a r a t e  s e c t i o n .  

GASIFIER SELECTiON 

S e l e c t i o n  Criteria 

Although g a s i f i e r s  d i f f e r  i n  many ways, they  a r e  g e n e r a l l y  c l a s s i f i e d  according t o  coal 
f low w i t h i n  t h e  r e a c t o r .  In a fixed-bed g a s i f i e r ,  t h e  steam r e q u i r e d  f o r  g r a t e  cool ing 
and f o r  prevent ing  c l i n k e r  format ion  is g r e a t e r  than  t h e  amount of  s team r e q u i r e d  f o r  
t h e  g a s i f i c a t i o n  r e a c t i o n ,  t h e r e b y  lowering t h e  o v e r a l l  thermal  e f f i c i e n c y  i n  
g a s i f i c a t i o n .  In  a d d i t i o n ,  due  t o  t h e  l a r g e  c o a l  p a r t i c l e  s i z e s  and t h e  moderate 
temperature  involved,  t h e  f ixed-bed g a s i f i c a t i o n  r a t e s  a r e  low, and s o l i d  r e s i d e n c e  
t i m e s  of  one t o  two hours  a r e  r e q u i r e d .  These g a s i f i e r s ,  however, have e x c e l l e n t  
turndown c a p a b i l i t i e s .  

I n  a f l u i d i z e d  bed,  t h e  upward f low of gas i s  a t  a v e l o c i t y  s l i g h t l y  above t h a t  required 
t o  merely suppor t  t h e  coa l .  The r e l a t i v e l y  s h o r t  c o a l  r e s i d e n c e  t i m e  (20 t o  40 min.) 
r e s u l t s  i n  a lower o p e r a t i n g  e f f i c i e n c y  than  f o r  t h e  f i x e d  bed. 
e f f i c i e n c y  r e q u i r e s  i n c r e a s i n g  t h e  c o a l  res idence  t i m e  by us ing  m u l t i s t a g e  beds t o  
o b t a i n  t h e  countercur ren t  c o n d i t i o n s .  

i n c r e a s i n g  t h e  thermal 
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TABLE 1. C h a r a c t e r i s t i c s  of Coals Selected 

High Sul fur  Coal 
I l l i n o i s  No. 6 Rosebud Mid-Kittaninq 

Proximate Analysis: % 

Moisture 9.7 9. a 3.3 
Vola t i le  Matter 36.6 35.2 30.1 
Fixed Carbon 42.2 46.7 57.5 

9.1 A s h  11.5 8.3 

Total 100.0 100.0 100.0 

- 

U 1  t imate Analysis: % 

Hydrogen 
Carbon 
Nitrogen 
Oxygen 
Sul fur  
Ash 

5.3 5.2 5.2 
63.4 60. a 75.3 

1.4 0.9 1 .3  
13.9 22.8 6.9 

4.5 2.0 2.2 
9.1 - 11.5 8.3 

Total 100.0 100.0 100.0 

H H V ,  Btu/lb 11,605 10,379 13,282 

Ash F u s i b i l i t y ,  OF 

I n i t i a l  2,330 2,010 2,020 
Softening 2,430 2,060 2, oao 
F1 uid 2,590 2,110 2,210 

Low S u l f u r  Coal 
Stockton Wyodak 

3.0 
34.9 
54.3 
7.8 
100.0 

5.2 
75.4 

1.4 
9.6 
0.6 
7.8 

100.0 

13,084 

2,910+ 
2,910+ 
2,910+ 

29.5 
30.1 
33.9 

100.0 

6.5 

7 . 3  
45.7 

1.1 
39.0 

0.4 
6.5 
100.0 

8,167 

2,163 
2,223 
2,250 

in a n  e n t r a i n e d  bed, t h e  r a w  c o a l  f e d  i n t o  t h e  u n i t  is  t r a n s p o r t e d  by t h e  v e l o c i t y  of 
t h e  gas .  The e x t e n t  of c o a l  conversion t o  gas i s  l i m i t e d  by t h e  s h o r t  s o l i d  res idence  
t i m e  of  l e s s  than  t e n  seconds.  in o r d e r  t o  achieve  e s s e n t i a l l y  complete convers ion  and 
t o  main ta in  high thermal  e f f i c i e n c y ,  a m u l t i s t a g e  c o u n t e r c u r r e n t  u n i t  i s  d e s i r e d .  

For a p p l i c a t i o n  t o  power p l a n t s  of bo th  convent iona l  and combined c y c l e  type ,  a 
g a s i f i c a t i o n  process  wi th  a h igh  throughput  and a h igh  degree  of r e l i a b i l i t y  i s  
d e s i r a b l e .  G a s i f i e r  turndown c a p a b i l i t y  is o f  l e s s  importance f o r  base  load  u n i t s .  i n  
a combined c y c l e ,  h igh  p r e s s u r e  g a s i f i e r s  a r e  d e s i r a b l e ,  whereas low p r e s s u r e  g a s i f i e r s  
a r e  s a t i s f a c t o r y  f o r  convent iona l  c y c l e s .  

A review of g a s i f i e r  s p e c i f i c a t i o n s  i n d i c a t e s  t h a t  an entrained-bed g a s i f i e r  meets t h e  
cri teria,  i.e., p r e s s u r i z e d ,  s i n g l e  s t a g e  f o r  combined cyc le  a p p l i c a t i o n s  and low 
p r e s s u r e ,  two-stage f o r  convent iona l  c y c l e  power p l a n t  a p p l i c a t i o n s .  
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Fuel Characteristics 

The different gasification processes produce variations in raw or clean gas composition. 
However, for a given gasification process, experimental data using various coal feeds, 
ranging from bituminous to lignite, indicate that the characteristics of clean o r  raw 
gas composition are almost independent of types of coal employed. For example, the raw 
gas composition from low pressure two-stage, oxygen-blown, entrained-bed gasifiers does 
not vary greatly when fed with bituminous, subbituminous or lignite(2). 
study, therefore, it is assumed that the product gas composition from a selected 
gasifier is independent of the type of coal feed. Typical fuel characteristics for low 
and medium Btu gas obtained from an entrained gasifier are presented in Table 3.  

Process Description 

Simplified block flow diagrams of the integrated gasification/conventional boiler and 
combined cycle plants are shown in Figures 1 and 2 ,  respectively. Since the entrained- 
bed gasifier was selected for the applications of both power plant configurations, the 
gasification process description presented is valid for both power plant applications. 

in the entrained-bed gasifier, prepared, pulverized coal is fed to the gasifier along 
with steam and oxygedair. Low pressure steam for the gasifier reaction is produced in 
the gasifier cooling,jacket. 
passed through a waste heat boiler. The gas is cooled in a venturi scrubbing system 
and sent to a suitable desulfurization system. The clean product gas is then sent to 
the fuel ports of the steam generator (boiler). A balanced-draft, tangentially-fired, 
controlled circulation steam generator is used to burn the clean, low or medium Btu 
gas. 

For the combined cycle facility, compressed air and cleaned fuel gas are fired in the 
combustion chamber of the gas turbine. The hot combustion gases are then ,expanded 
through the turbine to generate electrical power. The exhaust from the gas turbine is 
used further to generate high pressure steam in an unfired boiler before being sent to 
the stack. The high pressure steam drives the steam turbine to generate additional 

For the present 

Raw gas at 2700°F is usually water quenched and then 

. electric power. 

BASIS OF INTEGRATED GASiFiER/POWER PLANT SYSTEM DESiGN 

The performance of various gasifier and gasification system configurations as applied 
to the production and utilization of low and medium Btu gas was evaluated by examining 
the effect of gasification parameters on thermal efficiency for a given coal. 
Subsequently, the effect of varying coal feed on thermal efficiency/performance was 
estimated based on consideration of key constituents in the coal, i.e., moisture, 
sulfur, oxygen, and ash. 

Effect of Gasification Parameters on Thermal Efficiency 

The gasification parameters affecting thermal efficiency are oxidizing medium (air 
versus oxygen), pressure, and number of gasifier stages. A gasification system, which 
utilizes relatively pure oxygen for partial combustion of the coal to supply heat for 
the endothermic steam-carbon gasification reaction, usually has a higher thermal 
efficiency than if air were the oxidant. 
pressure increases, the driving force for the exothermic hydrogen-carbon reaction 
reduces the amount of oxidation required, thereby increasing the heating value of the 
gas produced and increasing the thermal efficiency. A two-stage, entrained-bed gasifier 
can reduce thermal losses by gasifying char produced in the low temperature stage 
(about 1800° F) in a high temperature stage. 
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FIGURE I 
INTEGRATED GASIfICATlON/CONVENTlONAL CYCLE 

POWER PLANT SYSTEM 

FIGURE 2 
INTEGRATED GASlflCATlON/COMElNED CYCLE 

PLWER PLANT SYSTW 
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TABLE 3. TYPICAL FUEL CHARACTERISTICS FOR LOW AND MEDIUM-BTU GAS 

Clean Gas Composit ion 
(% Dry) 

co 
H2 
co2 
CH4 
N2 
To ta l  

HHV: Btu/LB 

S to i ch iomet ry  
Combustion A i r ,  
Lb/LB Fuel 

Low-Btu Gas 

Low Pressure 
En t ra ined  Bed 

22.24 
17.18 
7.02 
0.03 
53.53 

100.00 

120-130 

1.05 

Medium-Btu Gas 

Low Pressure P ressu r i zed  
En t ra ined  Bed En t ra ined  Bed 

52.73 
36.13 
10.04 

1.10 

100.00 

280-290 

3.03 

29.54 
32.36 
21.67 
15.83 
0.60 

100.00 

358 

4.02 

provides the heat for the coal feed stage. 
avoids the high coal combustion requirement that a single-stage, entrained-bed gasifier 
has (2700O to 3300O F). 

Performance data for the gasification systems considered for power generation are 
presented in Table 4. 
engineering judgement applied in accordance with the effective system parameters 
outlined above. The hot and cold gas efficiencies for low pressure, single-stage, 
oxygen-blown, entrained-bed gasifiers ( 3 )  (Case 3 )  and the low pressure, two-stage, air- 
blown, entrained-bed gasifier(4) 
efficiencies for Cases 1 and 2 were determined by taking into account pressure effects, 
i.e., increase of the thermal efficiencies by 1% for high pressure operation. 

For producing electricity, when gasifiers are integrated with either a conventional or 
combined cycle power plant, the net station system efficiency is higher than the cold 
low or medium Btu gas efficiency but lower than the hot gas efficiency. Auxiliary 
power produced in the power plant and sensible heat recovered during the gas cleanup 
can be used as a part of the gasification system energy requirement. in general, 
integrating a gasification system with a power plant, will improve the efficiency of 
heat recovery and provide opportunities to optimize the overall cycle. 

integration of gasifiers with the combined cycle plant provides higher gasifier system 
efficiency than those with conventional power plants because of increased potential for 
cycle optimization. Additionally, for integration with the same power plant 
configuration, medium Btu gas provides a higher gasifier system efficiency than low Btu 
gas. 

The two-stage, entrained-bed gasifier thus 

The tabulation represents a combination of published data and 

(Case 4) were obtained from published data. The 
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Table 4. Thermal E f f i c i e n c y  O f  G a s i f i c a t i o n  Systems 

Case 

Type 
G a s i f i e r  

Oxidant  

Coal Type 

G a s i f i e r  E f f .  
Hot  Gas, % ( a )  
Cold Gas, % ( b )  

G a s i f .  System E f f  .%(c) 

Power P l a n t  E f f . % ( c )  
Conventional Cycle 
Combined Cycle 

I n t e g r a t e d  G a s i f i e r /  
Power P l a n t  E f f . ,  % ( d l  

Med. - 6 t u  
I n t e g .  

w/Base C.C. 

1 

Pressu r i zed  
E n t r a i n e d  
S i n g l e  Stage 

02 

Ill. 6 B i t .  

92 
76 

84.0 

N I A  
38.5 

32.3 

Low-Btu 
In teg .  

w/Base C.C. 

2 

P ressu r i zed  
Ent r a  i ned 
Two Stage 

A i r  

Ky. B i t .  

Med. -Btu 
I n t e g .  

w/Conv. Base 

3 

L.P. 
En t ra ined  
S i n g l e  Stage 

02 

Ill. 6 B i t .  

93 91  
77 75 

81.5 80.0 

N/A 36.0 
38.5 N/A 

31.4 28.8 

Low-Btu 
In teg .  

w/Conv. Base 

4 

L.P .  
Ent ra ined  
Two Stage 

A i r  

Ky. B i t .  

92 
76 

77.5 

36.0 
N/A 

27.9 

(a)Hot  gas e f f i c i e n c y ,  

% = HHV o f  gas @ g a s i f i e r  e x i t  temp. + sens ib le  heat  @ g a s i f i e r  e x i t  temp. X 100.' 
HHV o f  coa l  f e d  t o  g a s i f i e r  

(b )Co ld  gas e f f i c i e n c y ,  

% = HHV o f  gas ( a f t e r  t a r ,  o i l  ,. NH?, H7S have been removed) X 100. 
HHV o f  c o a l  f e d  t o  g a s i f i e r  

( C ) ~ ~ ~  est imate.  

(d )P roduc t  of g a s i f i e r  system e f f i c i e n c y  and power p l a n t  e f f i c i e n c y .  
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In determining overall plant efficiencies for all the integrated cases, power plant 
efficiencies of 36.0% and 38.5% were used for conventional and combined cycle power 
plants, respectively. 

Effect of Coal Feed on Thermal Efficiency 

In order to facilitate an economic evaluation of alternatives, it was necessary to 
determine the effect of coal feed variation on the thermal efficiencies of the 
gasification systems and overall plants. 

The key constituents of coal, which were considered in estimating the thermal 
efficiencies of a given process when fed with alternative coals, are moisture, sulfur, 
oxygen and ash. 

a. Moisture - Coal must be dry to about 3% moisture. The effect of moisture 
on gasifier system efficiency was determined by using a heat requirement 
of 1,000 Btu per pound of moisture. 

Sulfur - The gasifier system efficiency increases with decreasing sulfur 
content of coal. The effect of sulfur on efficiency was estimated by 
using the heating value of elemental sulfur. 

b. 

c. Oxygen - Highly reactive coals can be gasified at relatively lower temperatures 
than coals of low oxygen content. The low gasifier temperature requires less 
carbon combustion and increases thermal efficiency. 

d. Ash - As the ash content of coal increases, the amount of energy required in the 
coal preparation section for the dryer and pulverizer increases. Additionally, 
the energy losses in the gasifier system also increase with increasing ash content 
because increased power is required to feed the coal and some sensible heat is 
lost with ash leaving the gasifier. 

The overall effect on thermal efficiency of these coal constituents was established for 
each coal in the study as a variance from the efficiency of the' base coal. Typical 
results for variations in the gas i f i e r  system efficiencies from the based coal are 
summarized in Table 5. 

ECONOMICS OF iNTEGRATED SYSTEMS 

Fixed Capital and Operating Costs 

The base, fixed capital costs for all four integrated cases were estimated by adjusting 
published data(5) to establish compatibility between the performance as proposed in 
the reference and that required to produce a desired fuel. The base, fixed o eration 
and maintenance labor cost was estimated from a Combustion Engineering study(g). The 
published data was adjusted using a power factor on electric generation capacity from 
a Fluor-Utah study(6). 
summarized in Table 6. 

After the fixed capital and operating costs of each gasification system for base coals 
were established, the costs of each system when fed with alternative coals were 
determined using the calculated coal fuel rates, regional factors, and the scale 
factors required to adjust each cost element to compensate for the alternate coal feed. 
The fixed capital and operating Costs for all cases considered are tabulated in Table 7. 

The estimated base, fixed capital and operating costs are 
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TABLE 5. GASIFICATION SYSTEM 
EFFICIENCIES FOR ALTERNATIVE COALS 

BASE ILL IN0 IS MIDDLE 
COAL NO. 6 ROSEBUD KITTANING STOCKTON WYODAK 

Medium-Btu Gas 
Integrated With 84.0 84.0 84.0 88.0 90.0 84.0 

Combined Cycle ( I l l i n o i s  6 )  

Low-Btu Gas 
Integrated With 81.5 81.5 83.5 85.5 87.5 81.5 

Combined Cycl e (Kentucky 9 )  

Medium-Btu Gas 
Integrated W i t h  80.0 80.0 82.0 84.0 86.0 80.0 

Conventional Cycle ( I l l i n o i s  6 )  

Low-Btu Gas 
Integrated W i t h  77.5 77.5 79.5 81.5 83.5 17.5 

Conventional Cycle (Kentucky 9 )  
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TABLE 8.  Financial Parameters Used t o  
Develop Power Generation Cost 

P lan t  Life 

Depreciation (Based on Total Capital  

Fraction Debt 

Return on Equity 

I n t e r e s t  o n  Debt 

Load Factor 

Working Capital 

Less Working C a p i t a l )  

I n t e r e s t  During Construction 

Federal Income Tax Rate 

20 Years 

5%/Year S t r a igh t  Line 

0.75 

15%//Year 

1 Z%/Year 

70% 

Coal Inventory f o r  60 Days 
and 1 %  o f  Fixed Capital  Cost 

I n t e r e s t  on Debt x Total 
Fixed Capital  x 2 

48% 

Development of Power Generat ion C o s t  

The f ixed  c a p i t a l  and o p e r a t i n g  c o s t s  summarized i n  Tables  2 and 7 w e r e  used t o  develop 
power genera t ion  c o s t ;  t h e  u t i l i t y  f inanc ing  method w a s  used w i t h  t h e  f i n a n c i a l  
parameters  summarized i n  Table 8 .  The power g e n e r a t i o n  c o s t s  c a l c u l a t e d  are summarized 
i n  Table  9 t o g e t h e r  with t h e  d e l i v e r e d  c o a l  c o s t .  

CONCLUSIONS 

R e f e r r i n g  t o  Table 9 ,  t h e  f o l l o w i n g  conclus ions  were observed:  

1. 

2. 

3 .  

4 .  

5 .  

The western c o a l s  (both  h i g h  and low s u l f u r )  i n  t h e  load  c e n t e r  s i t e s  of t h e  
NPCC region are not  c o m p e t i t i v e  w i t h  e a s t e r n  c o a l s ,  whereas t h e  western 
c o a l s  a r e  compet i t ive  wi th  the e a s t e r n  c o a l s  i n  t h e  M A i N  reg ion .  

i n  t h e  MAIN region ,  bo th  e a s t e r n  and wes tern  h igh  s u l f u r  c o a l s  are compet i t ive  
wi th  low s u l f u r  c o a l s .  i n  t h e  NPCC reg ion ,  however, t h e  e a s t e r n  h igh  s u l f u r  
c o a l  appears  t o  be more a t t r a t i v e  t h a n  t h e  e a s t e r n  low s u l f u r  c o a l s .  

i n t e g r a t e d  convent iona l  plants i n  b o t h  r e g i o n s  f o r  a l l  c o a l s  a r e  n o t  compet i t ive  
w i t h  t h e  two convent iona l  power p l a n t s  us ing  h igh  s u l f u r  c o a l  wi th  FGD and low 
s u l f u r  without  FGD. 

i n t e g r a t e d  combined cyc le  p l a n t s  us ing  t h e  e a s t e r n  h igh  s u l f u r  c o a l  i n  t h e  NPCC 
r e g i o n  a r e  more a t t r a c t i v e  t h a n  t h e  two convent iona l  power p l a n t s .  

i n  t h e  MAIN region ,  t h e  i n t e g r a t e d  combined c y c l e  p l a n t s  a r e  e i t h e r  b e t t e r  than 
o r  comparable t o  t h e  high s u l f u r  c o a l  f i r e d  p l a n t s  wi th  FGD, whereas they a r e  
n o t  compet i t ive  wi th  t h e  low s u l f u r  c o a l  f i r e d  p l a n t s  wi thout  FGD. 
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All observations were based on the fixed delivered coal cost. in order to determine 
coal cost situations where the integrated combined cycle plants in the MAIN region 
would be competitive with low sulfur conventional coal fired plants without FGD, the 
sensitivity of the integrated of the plant generation cost to coal cost is analyzed, as 
shown in Figure 3. The lowest power generation cost in the main region was 2.751~ per 
kilowatt hour for Wyodak coal without FGD. Figure 3 indicates that for medium Btu gas 
integrated with a combined cycle power plant, the delivered coal prices would have to 
be $15.00, $12.50 & $25.00 per ton of Illinois No. 6 ,  Rosebud, and Stockton coals 
respectively to be competitive with the Wyodak coal fired without FGD. The study was 
intended solely to demonstrate how the selection of coal feedstocks and regions effect 
the power generation costs for various configurations. 
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